The transport of water and sediment from rivers to adjacent floodplains helps generate complex floodplain, wetland, and riparian ecosystems. However, riverside levees restrict lateral connectivity of water and sediment during flood pulses, making the re-introduction of floodplain hydrogeo- The lateral connectivity of water and sediment during seasonal flood pulses is a key factor controlling the abiotic processes, biotic composition, and ecological dynamics that determine floodplain community structure (Junk, Bayley, & Sparks, 1989; Tockner, Malard, & Ward, 2000) . However, riverside levees and dykes largely eliminate floodplain hydrologic connection in human-dominated riverscapes, making the re-establishment of hydrogeomorphic processes to lowland river
floodplains through the breaching of riverside levees an emerging floodplain restoration practice (Swenson, Reiner, Reynolds, & Marty, 2012; Swenson, Whitener, & Eaton, 2003) .
The hydraulic and sediment transport processes associated with flooding create floodplain topographic variability critical to the maintenance of heterogeneous floodplain ecological communities (Galat et al., 1998; Mount, Florsheim, & Trowbridge, 2002) . In many modified floodplain landscapes, the partial diversion (intentional or accidental) of a river through breaks or breaches in riverside levees or dykes promotes dynamic hydrogeomorphic processes that modify the topography of adjacent floodplains (Arnaud-Fassetta, 2013; . Analysis of ancient (e.g. Hajek & Edmonds, 2014) and modern (e.g. Bristow, Skelly, & Ethridge, 1999; Smith, Cross, Dufficy, & Clough, 1989) floodplain alluvial deposits identifies crevasse splays (Arnaud-Fassetta, 2013; North & Davidson, 2012) as a dominant geomorphic signature of floodplain development. Often, crevasse splay deposits are associated with progradational channel avulsions , where the flow of water and sediment through levee crevasse channels promotes the multi-stage generation of lobate sand bodies that prograde and extend into floodplain areas (Bristow et al., 1999; Mohrig, Heller, Paola, & Lyons, 2000; Smith et al., 1989) . As the sand bodies grow, floodplain flows become progressively channelized, promoting down-floodplain extension of avulsion channels (Smith et al., 1989) . Until recently, floodplains adjacent to large rivers were generally thought to form through the lateral accretion of point bars and repeated instances of spatially diffuse overbank flooding (e.g. Wolman & Leopold, 1957) . However, numerous studies (e.g. Aslan & Autin, 1999; suggest that rapid and localized floodplain deposition associated with avulsion processes is a principal contributor to floodplain aggradation and growth. The long-term evolution of crevasse splays and avulsion channels creates highly complex floodplain topography and sedimentology (Smith & Perez-Arlucea, 1994) favorable to the ecological integrity of floodplain landscapes.
Intentional levee breaches often aim to replicate hydrogeomorphic processes introduced to floodplains following breaks in riverside levees and the routing of water and sediment onto floodplains during partial or full channel avulsion (e.g. . This paper examines varying hydrogeomorphic responses to engineered levee breaches of differing sizes and geometries along a low-gradient river in northern California, USA, with the goal of understanding how levee breach architecture affects morphological responses in both the main channel of a river and the adjacent floodplain. We use hydrologic and geomorphic field observations to assess floodplain and channel morphology changes following levee removal in 2014 and seasonal flooding in 2015. Observations are used to extend the conceptual model of sand splay complex formation presented by Florsheim and Mount (2002) by including both narrow and wide levee breaches, as well as variation in initial floodplain topography. We ultimately conclude that while wide levee breaches appear to most effectively reduce river stage during flooding and produce the most heterogeneous floodplain topographic conditions, the cost of additional earthwork activities relative to narrow breaches, and the potential for both upstream channel incision and downstream channel aggradation must also be weighed in future hydrogeomorphic restoration actions on floodplains.
2 | STUDY AREA
| Cosumnes River watershed
The Cosumnes River of northern California, USA, drains a 2460 km 2 watershed located on the western slope of the Sierra Nevada. Basin headwaters are located at an elevation of approximately 2400 m ASL within a complex assemblage of granitic, andesitic, and metamorphic rocks that are part of the Sierra Nevada geomophic province. Flowing westward across the Sierran foothills, the lower Cosumnes River ultimately enters the Great Valley geomophic province, where the lowgradient river channel incises into Pleistocene alluvium and river terraces generated during multiple Plio-Pleistocene episodes of valley incision and filling (Shlemon, 1972) . The Cosumnes River ultimately joins the Mokelumne River at the eastern edge of the Sacramento-San Joaquin River Delta, near sea level in California's Great Central Valley (Figure 1 ).
The Mediterranean-montane climate of northern California produces strong seasonality in precipitation patterns, with the majority of precipitation in the Cosumnes River basin occurring as rain in the winter and spring months (Nov -Mar). Without any large regulating dams, the Cosumnes River exhibits a relatively unimpaired hydrograph that rapidly responds to precipitation events, although snowmelt peaks and recessions common to Sierran streams (Yarnell, Viers, & Mount, 2010) Whipple, Viers, and Dahlke (2016) . Only the loss of summer and fall baseflows in the lower reaches of the Cosumnes River due to regional surface and groundwater use deviates from a natural flow regime (Fleckenstein, Anderson, Fogg, & Mount, 2004) .
| Floodplain restoration sites
The lower Cosumnes River (Figure 1 ) has long been used as a landscape-scale study area to assess floodplain ecosystem responses to intentional breaches in riverside levees (Swenson et al., 2012) . Part of the Cosumnes River Preserve, the study area provides a unique laboratory within which to observe floodplain ecosystem responses following connection of unregulated seasonal flood pulses in the Cosumnes River-the largest undammed river draining the western flank of the Sierra Nevada-to proximal floodplain areas.
Prior to anthropogenic disturbance and conversion of floodplain areas to an agricultural landscape, the lower Cosumnes River was part of a flood basin known as the 'Cosumnes Sink' (Whipple, Grossinger, Rankin, Stanford, & Askevold, 2012) . Throughout the flood basin, multiple shallow, low-gradient, and interconnected river channels created both anastomosing and distributary (Whipple et al., 2012) channel patterns common to low-gradient river basins near base level (Makaske, 2001) . Floodplain and terrace uplands adjacent to the once perennial Cosumnes River supported grasslands, valley oak woodlands, and riparian forests used extensively for foraging, hunting, and fishing opportunities by the aboriginal Plains Miwok (Levy, 1978) . However, rapid anthropogenic changes to the river basin followed California's Gold Rush period (ca. 1850), with extensive railroad and agricultural development. Throughout the past century, the construction of riverside levees and channel modifications have resulted in the presence of a single, incised river channel (Andrews, 1999; Constantine, Mount, & Florsheim, 2003) traversing the flood basin. The modern lower Cosumnes River is low-gradient (slope~0.001), highly incised, and largely flanked by constructed levees protecting adjacent agricultural lands.
The conversion of the flood basin to support agriculture has resulted in a landscape where only small patches of natural areas remain, and hence the desire to restore and maintain native floodplain ecosystems (Reiner, 1996) . Currently, natural vegetation covers 44% of the area around the Cosumnes River Preserve (Underwood et al., in press). However, many of these natural areas are currently experiencing conversion to urban land use from rapidly growing adjacent cities such as Galt and Elk Grove (Figure 1 ). The spatial extent of urban and developed areas has increased by 35% over the last decade (Underwood et al., in press) , indicating urban expansion is reducing the amount agricultural and natural lands within the region.
Despite increasing urban pressures on the eco-agricultural matrix found in the Cosumnes River basin, the lack of flood control beyond riverside levees has resulted in comparatively low human population densities, which in turn has allowed for a unique approach to floodplain management. Throughout the 1990s, levee breaches along the lowest 3.5 km of the Cosumnes River immediately upstream from its confluence with the Mokelumne River were excavated to promote the development of sand splays and the establishment of riparian forests on former tomato fields Swenson et al., 2003; Swenson et al., 2012) . The depth of channel incision along the lower Cosumnes River has largely precluded the possibility of channel avulsion through the breaches. The periodic flow of water and sediment through uniformly narrow (<75 m) engineered levee breaches resulted in the generation of archetypal crevasse splays characterized by floodplain incision in areas closest to the levee breaches, and sand splay progradation into newly accessible floodplain areas . Resultant increases in floodplain topographic heterogeneity promoted the establishment of early stage successional riparian forests (Trowbridge, 2007; Viers et al., 2012) . This hydrogeomorphic template is now the primary management method for floodplain restoration and flood risk reduction throughout the region.
Our work presents field observations of floodplain and channel topography changes following recent levee breaches along the lower Cosumnes River (Figure 1 ) and uses these observations to extend the conceptual model of sand splay complex formation initially presented by Florsheim and Mount (2002) . These recent breaches allow floodwater to periodically inundate a 400-ha floodplain restoration site, which is bounded to the west by set-back levees that contain all but the largest of floods (>3-year recurrence interval) (Figures 2 and 3 However, the design of both levee breaches deviated from prior accidental and intentional breach sites, which were uniformly narrow and discharged water and sediment onto level floodplain areas (see . At the upper breach site (Figure 3 ; Site U), Using rtkGPS survey topographic data, a 1-m resolution DEM was generated in ArcGIS (v. 10.3 . ESRI, Redlands, CA), following methods described in Wheaton, Brasington, Darby, and Sear (2010) . At Site L, topographic data were generated using SfM photogrammetry techniques, from which a 0.1-m resolution DEM was generated 
| Channel thalweg
The Cosumnes River near Site U developed distinct zones of channel incision and aggradation following flooding in 2015. Thalweg incision was observed throughout the channel reach extending~0.5 km upstream from the floodplain excavation (Figure 8 ). In some localities, the channel incised more than 2 m, often extending through both sandy, alluvial bedforms and underlying, erosionally resistant duripan layers generally thought to limit channel bed incision throughout the lower Cosumnes River (Constantine et al., 2003) . 5.2 | Narrow breach opening onto a graded floodplain
As described by the conceptual model of Florsheim and Mount (2002) , narrow engineered levee breaches adjacent to graded floodplain areas produce crevasse splay complexes similar to those described following unplanned breaches of both engineered levees/dykes (e.g. ArnaudFassetta, 2013; Bristow et al., 1999) and natural levees (Farrell, 2001; Smith et al., 1989) . The confinement of flow through narrow breaches elevates hydraulic head. This, combined with the tendency for water flowing through the crevasse to be under capacity due to its sourcing from streamflow high in the water column that contains limited suspended sediment (Slingerland & Smith, 1998) (Brown et al., 2013) , causing localized flow acceleration and channel bed erosion .
Simplified channel geometries and flow conditions can be used to illustrate how the diversion of water through the wide levee breach promoted water surface drawdown ( Figure 10 ) and channel incision.
Consider a channel of uniform width and constant bed slope.
Upstream from the breach location, the 206 m While minor channel bed erosion has been noted upstream from several levee breach sites along the lower Cosumnes River (Florsheim et al., 2006) , such pronounced erosion as has occurred upstream from levee breach Site U has not been previously observed upstream from existing narrow levee breach sites (accidental or intentional). This suggests that by diverting volumetrically more flow from the Cosumnes River relative to narrow breach sites, the wide breach at Site U was able to dramatically alter local water surface profiles and promote channel incision upstream. This is a novel conclusion with important implications for floodplain management and went undetected in pre-project modeling simulations.
| Floodplain management implications
Intentional levee breaching and the reintroduction of hydrogeomorphic processes to formerly isolated floodplains along the lower Cosumnes River have proven effective strategies for restoring floodplain ecosystems (Swenson et al., 2003; Swenson et al., 2012) . Principal responses to levee breaching along the Cosumnes River include 
